Using an in vitro transcription assay, we have successfully demonstrated read through of a Rho-dependent terminator by the ribosomal RNA antitermination system. The assay used a DNA template containing a promoter-antiterminator-terminator arrangement, RNA polymerase, termination factor Rho, antitermination factors NusA, NusB, NusE, and NusG, and a cellular extract depleted of NusB. Terminator read-through was highly efficient only in the presence of the extract and Nus factors, suggesting that an as yet unaracterized cellular component is required for ribosomal antit ation. The NusB-depleted extract had no activity in the absence of NusB, confiring an absolute requirement for this protein in ribosomal RNA antitermination. The DNA template requirements were the same as those previously established in vivo; transcription ofa wild-type boxA sequence is both necessary and sufficient to promote RNA polymerase modification into a terminator-resistant form.
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Transcriptional antitermination provides a powerful mechanism for influencing gene expression. In the Escherichia coli bacteriophage A, transcriptional antitermination plays a pivotal role in the life cycle of the virus (1) . There are two antitermination systems, one controlling early and the other controlling late viral gene expression (1) . Early antitermination mediated by the A N gene product and a short nucleotide sequence, nut (N utilization), results in read-through of terminators so that essential downstream genes can be transcribed (1) . The nut site has been subdivided into two motifs; a seven-nucleotide boxA sequence followed by a stem-loop boxB motif. The functional form of the A nut site is thought to be the RNA rather than DNA (2) (3) (4) . Four E. coli gene products are also required for N-mediated antitermination.
These are the Nus (N utilization substance) proteins NusA, NusB, NusE, and NusG (5, 6) . Thus, the nut sequences in the transcribed RNA trigger modification of RNA polymerase by the A N protein and E. coli Nus proteins such that transcription termination signals are no longer recognized (1, 3, 5, 7, 8) . The more simple late-gene antitermination system requires only the A qut sequence, the A Q protein, and the E. coli NusA protein for antitermination (9) . The mechanism of antitermination in the E. coli ribosomal RNA (rrn) operons is unclear, but several specific features are shared in the rrn and A systems (10) . The boxA and boxB elements, though reversed, are similar to those of A (ref. 10; Fig. la) . Mutations in either boxA or boxB decrease or eliminate rrn antitermination in vivo (11) . Although wild-type boxB is required if both boxB and boxA are present, a short sequence containing only boxA is sufficient for antitermination activity (11) . In addition, Nus factors appear to be involved in both systems. Although this involvement has not been investigated extensively in rrn antitermination, ribo- somal RNA synthesis is defective in the nusBS mutant strain, suggesting a requirement for NusB (12) .
In this paper we have demonstrated rrn antitermination using an in vitro transcription assay and have determined some of the sequence and factor requirements of the system. We showed that both a 65-nucleotide rrn antiterminator sequence, containing boxB and boxA, and a minimal 20-nucleotide boxA-containing sequence were sufficient to cause read-through of an E. coli Rho-dependent terminator in the presence of NusB and a NusB-depleted cellular extract. We conclude that NusB plus one or more factors in the cellular extract cause boxA-dependent modification of RNA polymerase, thereby permitting transcription through a Rhodependent terminator.
MATERIALS AND METHODS (6, 17, 18) . S10 was provided by V. Nowotny (Max-Planck-Institut, Berlin) and R. Zimmerman (University of Massachusetts, Amherst).
Plasmid Constructions. Plasmids pRATT1, pRATT2, and pRATT3 were constructed by adding the trpt' terminator to plasmids pKB601d, pKB558d, and pKB604d, respectively (11) . A 253-nucleotide BamHI-HindIII trpt' fragment from M13mpl8/trpt' was ligated into plasmid DNAs cleaved with the same two restriction endonucleases and subsequently treated with calf intestinal alkaline phosphatase (19) . This cloning scheme resulted in the insertion of trpt' in the proper orientation for termination. Recombinant plasmids were restriction mapped to verify their structure.
Preparation of Nus-Depleted Extracts. Anti-NusB serum and E. coli S100 extracts used for antitermination in vitro by the bacteriophage A N protein were prepared as described (20) . IgG was purified from rabbit anti-NusB serum by passing it through a DEAE-Affi-Gel blue column in 20 mM Tris HCl, pH 8/28 mM NaCl/0.02% NaN3 as described by the manufacturer (Bio-Rad) and was concentrated by precipitation with (NH4)2SO4 at 45% saturation. The IgG was dialyzed against PBS and coupled to Affi-Gel 10 (Bio-Rad) at 14 mg/ml (21) . S100 extract (2 ml) from strain JG148 was passed through a 2-ml anti-NusB IgG column or through a 2-ml control Affi-Gel 10 column containing no immobilized protein in buffer C (20) . After the columns were regenerated by treatment with 0.1 M glycine (pH 2.5) and reequilibrated with buffer C, the flow-throughs were passed over the columns a second time. The flow-throughs from the second columns were stored frozen in aliquots at -70°C. Removal of NusB from the S100 extract by the anti-NusB column was confirmed by immunoblot (Western blot) analysis (2).
Preparation of DNA Template Fragments. Plasmids pRATTl, pRATT2, pRATT3, pHBA17, and pHBA18 were digested overnight with EcoR. The resulting digestion products were electrophoresed on 1% agarose gels, and the desired band was purified by electrophoresing it into NA45 paper. To recover the DNA, the paper was soaked in 10 mM Tris HCl, pH 7.5/1.5 M NaCl for 60 min at 65°C. After elution from the paper, the purified bands were ethanol-precipitated, and the washed and dried pellet was resuspended in 25 mM Tris HCl, pH 7.5/0.1 mM EDTA.
In Vitro Transcription Reactions. In vitro assays for A antitermination. The ability of the A N protein to prevent termination on plasmid pLS1 in reactions containing S100 extracts was assessed as described (2, 20) .
In vitro assays for rrn antitermination. Figs. 2, 4 , and 5 were scanned with a Bio Image VisagellO densitometer (Millipore). The read-through band (622 nucleotides for the wild-type and mutant boxA templates and 579 nucleotides for the synthetic boxA template) and the largest of the Rho-dependent termination bands (-290 nucleotides for the wild type and mutant boxA, and 247 nucleotides for the synthetic boxA template) were measured. The integrated area under the peaks was corrected for the number of G residues in each band. The results are presented as percent read-through. These measurements do not account for all bands observed in the gels, but are used to compare the major termination and read-through events occurring in the in vitro transcription reactions.
RESULTS
We have devised an in vitro assay for rrn antitermination using DNA template fragments consisting of a promoter, different rrn antiterminator sequences, and the trpt' Rhodependent terminator (Fig. lb) . The reactions also contained purified RNA polymerase, and optionally, Rho termination factor, Nus factors, and a cellular extract depleted of NusB. RNA products were examined by electrophoresis on acrylamide gels. Without Rho, the templates yielded a run-off transcript equal in length to the distance from the promoter to the distal end of the fragment. As shown previously, Rho-dependent termination at trpt' generates multiple 3' ends spanning =80 nucleotides (22) . Antitermination was indicated by reduction of these Rho-terminated transcripts and concomitant increase ofthe run-off (read-through) transcript.
In initial experiments, we asked whether rrn antitermination could function in vitro using only the Nus factors known to be required for A antitermination.
Addition of Nus Factors. In the absence of Rho, in vitro run-off transcription from a template containing the 65-bp wild-type antiterminator gave a product of =622 nucleotides (Fig. 2, lane 1) . Addition of Rho protein caused the appearance of multiple terminated transcripts between 217 and 290 nucleotides long (lane 2). Addition of the four Nus factors involved in A antitermination (NusA, -B, -E, and -G) did not cause terminator read-through (compare lanes 2 and 3 with lanes 4 and 5). Several of the smaller terminated bands appeared less intense in the presence of excess Nus factors, and larger bands appeared more intense. This result was reproducible and was similar to the trpt' pattern seen in the presence of NusA alone (data not shown). Addition of more Nus factors had no significant effect on antitermination (lanes These are saturating amounts for the A in vitro antitermination system. Lane S shows DNA size standards (in nucleotides). RT to the-right of the gel marks the approximate location of the terminator read-through band-namely, 622 nucleotides for the w template and 579 nucleotides for the A template. "Rho ter" marks the multiple trpt' Rho-dependent terminator bands. The major trpt' Rhoterminated band is -290 nucleotides for the w template and 247 nucleotides for the A template. In lanes 1 and 6, only one-fourth of the reaction mixture was loaded onto the gel. In lanes 3 and 8, bovine serum albumin was added as a control at a concentration equal to the amount ofextra protein added to the 2 x Nus reactions. The "% RT" row at the bottom indicates the percent read-through, calculated from the densities of the read-through band and the major Rhoterminated band (see Materials and Methods). Differential stability of the long and short transcripts could result in misleading values. However, we have examined both regions for secondary structure and could find no a priori reason for either transcript being more stable than the other. Larger bands, especially noticeable with the A template, are likely to represent end-to-end transcription. We are not sure of the origin of the bands visible between the major trpt' terminated transcript and the run-off band. The appearance and intensity ofthese bands did not depend upon Rho addition and varied with template preparation. Some preparations of the same template gave no extra bands, while others gave multiple bands in this region. ments than the complete 65-bp antiterminator. We examined this possibility using the 20-bp boxA antiterminator template in the in vitro system. This template responded to Rho factor with the characteristic trpt' termination pattern. However, addition of the four Nus factors was not sufficient to allow terminator read-through with a template containing boxA alone (Fig. 2, lanes 7-10) . We concluded that both the short boxA and the full-sized antiterminator sequences required an additional factor or factors to function. In a A in vitro antitermination system, addition ofthe four Nus factors, plus the A N protein, permits excellent terminator read-through (6, 7) . Reasoning that a host factor analogous to the A N protein was probably required for rrn antitermination, we next prepared and added a NusB-depleted cell extract to the in vitro rrn antitermination reactions.
NusB-Depleted Cellular Extract. Because of genetic evidence that NusB protein is involved in transcriptional regulation of rrn gene expression (12) , we prepared a NusBdepleted S100 extract by passing it twice over an anti-NusB antibody column. Western blot results (data not shown) indicated that <10% of the NusB remained in this extract. The ability of the A N protein to function in vitro can easily be assayed by measuring its ability to stimulate the transcription of plasmid DNA containing an insert with a promoter, a nut site, and a terminator (6) . N protein only stimulated transcription when NusB was added back to the NusBdepleted extract (Fig. 3A) . With a control extract that had not been depleted of NusB, N stimulated transcription in the absence of added NusB, and addition of NusB was without effect (not shown). Since ribosomal protein S10 (NusE) binds to NusB (23) , it is likely that the anti-NusB column also removed some of the S10 from the extract. Therefore, the assays shown in Fig. 3A were carried out in the presence of added S10. The N protein weakly stimulated transcription in the absence of added S10, but efficient stimulation by N required addition of S10 to the NusB-depleted extract (Fig.  3B) .
Antitermination with the NusB-Depleted Extract and Nus Factors. With RNA polymerase, Rho protein, and the 65-bp wild-type antiterminator template, the NusB-depleted extract terminated more efficiently at trpt', eliminating all read-through transcription (Fig. 4A , compare lanes 2 and 3 with lane 1). Addition of the four Nus factors to the NusBdepleted cell extract resulted in excellent read-through of trpt' (compare lanes [2] [3] [4] [5] . This result clearly demonstrated that rrn antitermination requires at least one component from the extract as well as one or more Nus factors.
Antitermination with Different DNA Templates. To see if rrn antitermination sequences known to function in vivo (11) were also required in vitro, we next compared the antitermination activities of some additional templates: one was a control without any antiterminator; another contained the 65-bp antiterminator with the boxA-558 (T --G) mutation 4) templates. Smearing of the read-through band in lane 2 is an artifact of poorly polymerized acrylamide gels that causes "hour-glass" focusing in this area. (Fig. la) ; and the third contained the 20-bp wild-type boxA without additional antiterminator sequences. The control template gave no discernable terminator read through, even in the presence of the Nus factors and cellular extract (Fig.  4B, lanes 3 and 4) . Excellent terminator suppression was achieved with the 20-bp boxA template, with resulting run-off transcription clearly visible (Fig. 4B , compare lanes 1 and 2; also lanes 11 and 12 in Fig. 5 ). The boxA-558 mutation, which gives an order of magnitude reduction in antitermination in vivo (11) , was also a poor antiterminator in vitro. Compare read-through for the mutant, lane 9, with read-through for the wild type, lane 5 (Fig. 5) . Thus, both in vitro and in vivo, either the 65-bp wild-type rrn antiterminator sequence or the 20-bp boxA sequence can suppress termination, whereas the single-base boxA-558 mutation has diminished antiterminator activity.
Nus Factor Requirements. NusB and NusE (S10) have been shown to form heterodimers (23) , and we have shown in a A antitermination system that the NusB-depleted extract worked best if both Nus factors were added to the reaction mixture (Fig. 3) . We therefore investigated the effect of these two Nus factors in the rrn antitermination system (Fig. 5,  lanes 3-6) . Addition of NusB alone gave substantial antitermination (lane 3), but addition ofNusE with NusB was better (compare lanes 3 and 4) . The addition of all four Nus factors consistently gave slightly better antitermination than NusB plus NusE (lane 5), while NusE alone did not cause antitermination (lane 6). These results show that only NusB is absolutely essential for activity in our system. Titration with NusB in the presence of the other factors supplied at their usual concentrations revealed that the amount of NusB required for efficient antitermination in the rrn system, about 140 nM (data not shown), was very similar to the amount required for A antitermination (Fig. 3A) . Further work confirmed that the rrn antitermination system was located in the homologous A nut-like region as predicted (10, 11, 26) . Furthermore, like the A antitermination systems (7), the rrn system induces a long-lived modification of the elongation complex capable of transcribing through multiple consecutive terminators with only slightly diminished capacity (16) . This is in contrast to other antitermination systems, such as in the bgl operon, where polymerase is helped to read through a single, specific terminator (27) . Considering these similarities, we expected that many host factors involved in the A system would also serve in rrn antitermination.
DISCUSSION
Involvement of Nus Factors in rrn Antitermination. Genetic evidence suggested that a host protein required for A antitermination, NusB, was needed for optimal rrn expression (12) . Moreover, elongation complexes isolated from reactions containing an S100 extract and an rrn template contain NusB and NusG (6) . The complexes were not tested for NusA or NusE. Our results provide direct proof that NusB is involved in rrn transcription (Fig. 5, lanes 2 and 3) . This is in agreement with data showing that transcripts of a phage consensus boxA sequence (which is identical to the rrn boxA sequence) out-compete nut regions for host NusB protein (28) . We have not shown specific requirements for NusA or NusG; however, reactions with all of the Nus factors plus the NusB-depleted extract consistently gave the best terminator suppression (Fig. 5, lanes 3 and 5) . NusA binds to RNA polymerase, essentially becoming a subunit of the elongating complex (29) , and thus could plausibly be involved in antitermination. NusG is required for Rho-dependent transcription termination in vivo (30) , and since elongation complexes that have transcribed the rrn boxA sequence contain NusG (6), this factor is also likely to play some role in rrn antitermination.
The partial requirement for NusE with the NusB-depleted extract (Fig. 5, lanes 3 and 4) suggests that this factor is also necessary for antitermination. NusE is the ribosomal protein S10. Recent studies have shown that NusB binds S10 (NusE), which in turn binds to RNA polymerase (5, 23) . These observations suggest that NusE could couple NusB to RNA polymerase in the rrn antitermination system. New evidence that a heterodimer of NusB and S10 binds to rrn boxA sequences provides compelling support for the involvement of NusE in rrn antitermination (J. R. Nodwell and J.G., unpublished data). It is possible, therefore, that S10 is involved in regulation of rRNA synthesis in E. coli.
Role of rrn Antitermination. The alteration of RNA polymerase by antiterminator modifications may have several consequences for rRNA operon expression. Sites sensitive to transcription termination factor Rho in the rrn 16S gene cause significant transcription termination when the rrn antiterminator is removed (31) . Thus, one consequence of rrn antitermination is the protection of untranslated rRNA transcripts from premature Rho-dependent termination. Modification of RNA polymerase may also change its rate of elongation by altering its sensitivity to pause sites. This alteration could be crucial for specific rRNA folding patterns and ribosomal protein interactions. Finally, Morgan (32) has suggested another possible consequence of the rrn antitermination system; the location of rrn leader and spacer region antitermination sequences close to processing stalks for the 16S and 23S RNAs may facilitate processing stalk formation and subsequent rRNA maturation.
Unidentified Factor Required for rrn Antitermination. In addition to the Nus factors, A requires the N protein for terminator suppression (e.g., Fig. 3 ). The four Nus factors were insufficient for in vitro rrn antitermination (Fig. 2) . We have found that a cellular extract containing at least one other unidentified factor is necessary in the rrn system. The in vitro assay described here will allow us to isolate and characterize the unidentified cellular component(s). Purification of this novel rrn antitermination factor will also help to understand how modification of RNA polymerase leads to terminator read-through.
